Abstract. N-terminal derivatization of peptides with the chromogenic reagent 4-acetamido-4-isothiocyanatostilbene-2,2-disulfonic acid (SITS) is demonstrated to enhance the efficiency of 266 nm ultraviolet photodissociation (UVPD). Attachment of the chromophore results in a mass shift of 454 Da and provides significant gains in the number and abundances of diagnostic fragment ions upon UVPD. Activation of SITS-tagged peptides with 266 nm UVPD leads to many fragment ions akin to the a/b/y ions commonly produced by CID, along with other sequence ions (c, x, and z) typically accessed through higher energy pathways. Extreme bias towards Cterminal fragment ions is observed upon activation of SITS-tagged peptides using multiple 266 nm laser pulses. Due to the high reaction efficiency of the isothiocyanate coupling to the N-terminus of peptides, we demonstrate the ability to adapt this strategy to a high-throughput LC-MS/MS workflow with 266 nm UVPD.
Introduction

I
mprovements of established ion activation methods and developments of new ones have advanced the performance metrics of tandem mass spectrometry for numerous proteomics applications, including both bottom-up and top-down strategies [1] [2] [3] [4] [5] [6] . Collision-based methods, including low-energy collision induced dissociation (CID) and beam-type higher energy collisional dissociation (HCD), electron-based methods, primarily electron transfer dissociation (ETD), and hybrid activation methods such as electron transfer and higher energy collision dissociation (EThcD) are widely available on many types of mass spectrometers and remain the most popular methods for MS/MS analysis [7] [8] [9] [10] . Despite the outstanding versatility and wide adoption of these methods, there are ongoing efforts to develop alternative ion activation methods, such as ones that offer higher energy deposition, ones that afford greater specificity for certain types or classes of molecules, or ones capable of promoting selective bond cleavages. Examples of these include the development of surface induced dissociation [11, 12] , charge-transfer dissociation [13, 14] , metastable atomactivated dissociation [15, 16] , and various photodissociation methods [17] [18] [19] [20] . Photodissociation offers several compelling features and opportunities for innovative analytical applications. Depending on the wavelength and flux of photons used for photoactivation, there is a significant ability to vary the energy deposition as has been strategically utilized in recent years for ion spectroscopy applications using tunable lasers [21, 22] . Excitation of peptides and proteins by ultraviolet (UV) photons results in significant energy deposition, which allows access to excited electronic states and provides rich spectra containing a, b, c, x, y, and z type fragments [17, 18, 20, 23, 24] . Using pulsed lasers allows ion activation to be implemented in short activation periods, a feature that has allowed successful implementation of UVPD for high throughput analysis of peptides and proteins [23, [25] [26] [27] . Now, even light emitting diodes (LEDs) can be used for photodissociation, as reported recently, a development which opens avenues for future low cost implementation of UVPD on many mass spectrometer platforms [28] .
Lasers of different wavelengths have been used for photodissociation depending on the objective. For example, 157 and 193 nm UVPD have been utilized for the analysis of peptides and proteins as these macromolecules exhibit significant absorption at these wavelengths [20, 29, 30] . Using other UV or visible wavelengths offers a great degree of selectivity for more specialized applications. As an illustration, disulfide bonds in close proximity to tyrosine and tryptophan residues exhibit preferential cleavage upon 266 nm UVPD [31] . Photoabsorption crosssections of peptides can be modulated by chemical derivatization to furnish them with suitable chromophores that selectively enhance photodissociation at wavelengths for which the intrinsic photoabsorption cross-sections are low or zero. For instance, while peptides exhibit virtually no absorption at 350 nm, UVPD at this wavelength (i.e., 351 nm using an excimer laser or 355 nm using a tripled Nd:YAG laser) has been utilized in several applications after fixing chromophores to the peptides [32] [33] [34] [35] [36] . Chromophore tagging in conjunction with 351 nm UVPD has been used to target cysteine-containing peptides for enhanced characterization of antigen-binding regions of antibodies [32] and to improve de novo sequencing of peptides [33, 34] , in addition to other applications [35, 36] . There have also been several reports demonstrating the combination of derivatization and 266 nm UVPD to facilitate the determination of disulfide-bound peptides [37] , to elucidate phosphorylation sites of peptides [38, 39] , and to empower cysteine-selective proteomics [40] , among others [41] [42] [43] . An analogous chromophore-attachment concept has been employed to decorate peptides with chromophores in the visible range (473 nm or 532 nm) to enable highly selective MS/MS detection schemes [44, 45] . In addition to providing selectivity in distinguishing classes or types of peptides based on chromophore-mediated UVPD, the metric of selectivity can also be extended to fragment ion classification. For example, the attachment of a chromophore to a specific site, such as exclusively at the N-terminus or C-terminus of a peptide, affords a way to selectively annihilate series of fragment ions that retain the chromophore when exposed to multiple UV laser pulses [33, 34, 46] . This feature provides a way to differentiate with confidence types of fragment ions while also decongesting the resulting fragmentation patterns of peptides.
We have previously reported the use of isothiocyanate chemistry to derivatize the N-termini of peptides to enhance the infrared multiphoton dissociation (IRMPD) efficiency of these peptides through attachment of an IR-chromogenic phosphonate group [47] or to enhance 193 nm UVPD via attachment of aromatic chromophores [48] . Kim et al. reported that derivatization of an aliphatic peptide, ASHLGLAR, with phenyl isothiocyanate significantly decreased the intensity of the laser needed to promote efficient 266 nm photodissociation [49] . The results of these previous studies led us to explore the attachment of UV chromophores via isothiocyanate chemistry for increasing the photodissociation efficiencies of peptides irradiated with 266 nm photons. In the present study, 4-acetamido-4-isothiocyanatostilbene-2,2-disulfonic acid (SITS), an N-terminal derivatization reagent, served as an aromatic chromophore to increase the photoabsorption crosssections of peptides at 266 nm. This tagging reaction not only greatly increased the photodissociation efficiencies of peptides at 266 nm but also significantly altered the fragmentation patterns compared with 266 nm UVPD of unmodified peptides.
Experimental
Materials and Reagents
Peptides were purchased from American Peptide Company (Sunnyvale, CA, USA). Bovine serum albumin (BSA), equine myoglobin, dithiothreitol (DTT), iodoacetamide, and 4-acetamido-4-isothiocyanatostilbene-2,2-disulfonic acid (SITS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Mass spectrometry-grade trypsin was obtained from Promega (Madison, WI, USA). LC-MS grade acetonitrile and water were purchased from EMD Millipore (Darmstadt, Germany). Pierce C-18 spin columns used for peptide desalting and LC-MS grade formic acid were obtained from Fisher Scientific (Fair Lawn, NJ, USA).
Digestion, N-Terminal Derivatization, and Sample Preparation
One hundred fifty μg of E. coli lysate or 20 μg of BSA or myoglobin were each constituted in 100 μL of 50 mM ammonium bicarbonate buffer (pH 8.5). Disulfide bonds were reduced by adding DTT (250 mM in 50 mM ammonium bicarbonate) to a final concentration of 5 mM in solution and incubating at 55°C for 30 min. Alkylation of the reduced disulfide bonds was achieved by adding iodoacetamide (500 mM in 50 mM ammonium bicarbonate) to a final concentration of 15 mM and incubating at room temperature in the dark for 30 min. Reduced and alkylated proteins and myoglobin were digested overnight at 37°C using a 20:1 ratio of lysate to trypsin and a 50:1 ratio of protein to trypsin. All digests were desalted using C-18 spin columns. Individual peptides (10 μL of 1 mM) were derivatized with 100 μL of 10 μg/μL SITS (in 50 mM ammonium bicarbonate, pH 8.5). Tryptic digests of proteins and lysates were derivatized with 300 μL of 10 μg/μL SITS (in 50 mM ammonium bicarbonate, pH 8.5). Samples were reacted in the dark at 55°C for 3 h or overnight (18-24 hours) . Reaction of SITS with the primary amines of Nterminal residues results in a mass shift of 454 Da per peptide.
Mass Spectrometry, Liquid Chromatography, and Photodissociation
All experiments were conducted on a Thermo Scientific Instruments Velos Pro dual-pressure linear ion trap mass spectrometer (San Jose, CA, USA) custom fitted with a Continuum Minilite Nd:YAG laser (San Jose, CA, USA) to allow UVPD in the high pressure trap. The fourth harmonic of the Nd:YAG was utilized for 266 nm UVPD using approximately 6 mJ per pulse unless otherwise noted (and using an unfocused laser beam). SITS-tagged peptides were introduced by static infusion nanoelectrospray ionization (nanoESI) using a spray voltage of 1.5-2.0 kV and a capillary temperature of 275°C. SITS-derivatized digests were separated on an Ultimate 3000 RSLCnano liquid chromatography system (Sunnyvale, CA, USA) fitted with a 3.5 cm New Objective Integrafrit trap column (100 μm i.d.) and a 15 cm Picofrit analytical column (100 μm i.d.) (Woburn, MA, USA). Both columns were packed in-house using 3.5 μm X-Bridge C-18 stationary phase. Tryptic digests were constituted in 0.1% formic acid to 250 ng/ μL (for individual protein digests) or 1 μg/μL (for E. coli digests), respectively, for 1 μL injections. Each injection was preconcentrated on the trap column with 2% acetonitrile and 0.1% formic acid. Mobile phases for separation on the analytical column consisted of 0.1% formic acid in water as eluent A and 0.1% formic acid in acetonitrile as eluent B. A linear gradient from 2% B to 50% B over 50 min (for individual protein digests) or 275 min (for E. coli digests) at a flow rate of 300 nL/min was used.
Data-dependent acquisition was performed for all LC-MS/MS methods, in which the MS1 scan was followed by 10 consecutive ion activation events (UVPD or CID) of the most abundant peptide ions. The ion isolation width was 4 m/z, and a q z value of 0.250 was used for CID experiments. For all CID experiments, a normalized collision energy (NCE) of 35% was used during a 10 ms activation time. Due to the pulse repetition frequency (15 Hz) of the 266 nm Nd:YAG laser, only one pulse occurred during a 66 ms interval. As a result, all UVPD experiments using one laser pulse used a 1 ms activation period, and all UVPD experiments using two laser pulses required a 67 ms period. For experiments with more than two laser pulses, each additional pulse required an additional 67 ms of activation time. An ion isolation width of 4 m/z and a q z value of 0.250 were used for UVPD experiments.
Database Searching
All LC-MS/MS data were analyzed using Proteome Discoverer (ver. 1.4.1.14). MS/MS spectra for BSA, myoglobin, and E. coli were searched against the reference Bos taurus proteome database (UniProtKB), the reference Equus caballus proteome database (UniProtKB), or the reference E. coli proteome database (UniProtKB), respectively. All searches employed a ±1.0 Da tolerance for precursor ions and a ±0.8 Da tolerance for fragment ions. Oxidation of methionine (+15.995 Da) was included in each search as a dynamic modification. Carbamidomethylation of cysteines (+57.021 Da) and conjugation of Nterminal residues with SITS (453.996 Da) were searched as static modifications. Peptides with fewer than five residues were filtered out and manual verification of database search results was performed.
Results and Discussion
Here we employ isothiocyanate chemistry to append an aromatic chromophore to enhance the absorption of 266 nm photons by peptides. Several criteria were considered when choosing an appropriate chromophore. First, the chromogenic reagent should display high reaction efficiency with peptides. In addition, the reaction should be localized to a specific residue or residues to facilitate computer-automated interpretation of the spectra. Activation of chromophore-tagged peptides by 266 nm photons should promote diagnostic and predictable fragmentation. Finally, the tagging strategy should not degrade the chromatographic properties of the peptides. Several isothiocyanate-type reagents with aromatic chromophores were evaluated with the goal of enhancing 266 nm UVPD, and the SITS tag most completely met the three criteria described above as it showed high reaction efficiency with the primary amine of N-termini and led to CID-like fragmentation of peptides upon 266 nm UVPD. Interestingly, the high absorption efficiency of SITS-tagged peptides when exposed to 266 nm photons was not initially predicted based on the absorbance profiles of the SITS reagent and SITS-modified peptides in solution. The absorbance profiles show relatively modest absorbance at 266 nm (Supplementary Figure S1) . Despite the low absorbance in solution, the UVPD efficiency of the SITStagged peptide ions in the gas phase was significant.
Another isothiocyanate reagent, 4-sulfophenyl isothiocyanate (SPITC), was also considered. We had utilized SPITC in the past to attach aromatic chromophores to peptides to increase their UVPD efficiencies when exposed to 193 nm photons [48] . SPITC reactions that occur at the N-termini of peptides are reasonably efficient, but two factors made SITS a better option for integration with 266 nm UVPD. First, the photodissociation efficiencies of SITS-tagged peptides were consistently more than 10% greater than the photodissociation efficiencies of SPITC-peptides (based on comparison of the summed fragment ion abundances relative to the abundances of the precursors). Second, the SITS-tagged peptides produced a greater array of diagnostic b/y ions upon 266 nm UVPD; some of the analogous fragment ions were missing for the corresponding SPITC-peptides. An example illustrating this outcome is shown in Supplementary Figure S2 for angiotensin I (DRVYIHPFHL), which demonstrates that the b 2 , b 3 , b 4 , y 5 , y 6 , y 7, and y 8 ions are insignificant or not detected for SPITC-DRVYIHPFHL but are readily identified for the SITS-peptide. Given the better performance of the SITS-tagged peptides upon 266 nm UVPD, the SITS reaction was used for the remainder of the study. (UVPD using 355 nm photons was also briefly examined for the SITS-peptides, but the resulting UVPD fragmentation efficiencies were modest and production of fragment ions was limited, as exemplified by the spectrum in Supplementary Figure S3 ).
As described below, first the CID and UVPD spectra of a series of model peptides were evaluated to determine the impact of the SITS tag on the fragmentation pathways and dissociation efficiencies. The MS1 spectra were similarly examined to assess variations in the charge states of the peptides prior to and after the SITS reactions. The changes in fragmentation and distribution of fragment ions upon 266 nm UVPD were evaluated as a function of the number of laser pulses. Finally, tryptic digests of individual proteins (myoglobin, BSA) and proteins from cell lysates were analyzed to provide a greater pool of peptides for evaluating the SITS strategy.
CID and 266 nm UVPD of SITS-Derivatized Peptides
N-terminal derivatization of peptides by the SITS reagent causes a mass shift of 454 Da, as shown in Scheme 1. In some cases, the primary amines on the side-chains of lysines were also observed to undergo SITS-derivatization (data not shown). However, due to the high pKa of the lysine side-chain (~10.5), extensive derivatization of lysines was rarely observed, and thus the SITS modification was restricted to the N-terminus in subsequent database searches. As shown in more detail below, even peptides containing amino acids with aromatic sidechains do not have high photoabsorption cross-sections at 266 nm, and thus the incorporation of the SITS tag transforms weakly absorbing peptides into ones with much higher crosssections. Supplementary Figure S4 shows the ESI mass spectra of unmodified and SITS-derivatized angiotensin I (DRVYIHPFHL) and highlights the high reaction efficiency of the attachment of a SITS chromophore with basically no residual unreacted peptide left in the solution. In addition to the shift in mass, derivatized peptides display a shift in the charge state distribution biased towards the 2+ charge state compared with the bias toward the 3+ charge state observed for the unmodified peptide. Similar to other sulfonated isothiocyanate reagents used in MS workflows [48] , this shift in charge state distribution likely stems from two factors: (1) the acidic sulfonic functional groups of the SITS reagent may be deprotonated and afford at least one negatively charged site per peptide, and (2) the N-terminal primary amine, which is typically favored for protonation of peptides owing to its high basicity, is converted to a significantly less basic dialkylthiourea. This type of behavior echoes that noted by Keough and coworkers in founding studies from two decades ago, where peptides containing a C-terminal arginine were subjected to sulfonic acid derivatization that occurred at the N-terminus [50] . The resulting peptides were determined to be protonated on the C-terminal arginine residue and not the derivatized N-terminus, and post-source decay of these peptides led exclusively to y-type ions [50] .
A comparison of the CID mass spectra for underivatized and SITS-derivatized angiotensin I (DRVYIHPFHL) is shown in Figure 1 . Despite or owing to the size and acidity of the SITS tag, a more extensive array of sequence ions, including three additional b ions (b 2 , b 3 , and b 9 ), is observed for the SITSmodified peptide compared with the unmodified peptide. The survival of the b 2 ion attests to the fact that the SITS tag is not necessarily deprotonated (otherwise the b 2 product would be neutral). The same type of comparison (MS/MS of unmodified peptide versus SITS-modified peptide) was undertaken using 266 nm UVPD. A dramatic improvement in photodissociation efficiency and sequence coverage is observed for SITSderivatized angiotensin I compared with the unmodified peptide ( Figure 2 ). This significant degree of enhancement in UVPD efficiency is typical for all other peptides in the present study. In general, activation of SITS-derivatized peptides using 266 nm photons leads to C-N bond cleavage of the peptide backbone, mirroring fragmentation promoted by collisional activation. The dominant formation of conventional b/y ions and suppressed formation of c, x, and z ions is unusual for 266 nm UVPD [51] , and is discussed in more detail later. The complete b ion series is produced upon 266 nm UVPD spectra of SITS-derivatized angiotensin I, thus further validating that the acidic sulfonate groups of the tag may remain protonated and therefor does not lead to neutralization of all N-terminal fragment ions.
UVPD of SITS-Derivatized Peptides: Variation of the Number of Laser Pulses
We previously reported that exposing peptides containing Nterminal chromophores to multiple 351 nm laser pulses annihilated the N-terminal fragment ions, reducing the complexity of the resulting mass spectra and facilitating de novo sequencing based on spectra that contained clean series of y ions [34] . In the present study, SITS-modified peptides were similarly exposed to multiple 266 nm laser pulses to determine the effect of varying pulses on the N-terminal fragmentation of SITS-derivatized peptides. For these experiments, 266 nm UVPD mass spectra were collected in triplicate for unmodified and SITS-tagged angiotensin I while varying the number of pulses. All of the N-terminal b-type ions and all of the Cterminal y-type ions were summed in order to create the plot shown in Figure 3 . The abundances of y-type ions always exceed the abundances of b-type ions. Moreover, as the number of laser pulses increases, the relative abundance of the Nterminal fragment ions decreases, whereas the relative abundance of C-terminal product ions increases. In contrast, CID of y-type ions generated from the SITS-tagged peptides by UVPD yields MS 3 spectra that contain a mixture of N-terminal and Cterminal (b and y) fragment ions (Supplementary Figure S5) . This collection of results confirms that the SITS-containing b ions absorb 266 nm photons and undergo secondary fragmentation (and likely annihilation in many cases) upon exposure to multiple laser pulses; conversely, the chromophore-free y ions do not absorb and are unaffected by exposure to additional UV photons.
The distributions of product ions of another peptide, SYSMEHFRWG, upon CID and 266 nm UVPD are displayed in Figure 4 for both the unmodified and SITS-tagged peptide. For this comparison, peptide SYSMEHFRWG was chosen because this peptide contains a sufficient number of aromatic side-chains to allow successful UVPD in the absence of the highly absorbing SITS tag installed at the N-terminus. The fragment ion distributions obtained using five laser pulses for the underivatized and SITS-tagged peptides are strikingly different from each other as well as from the CID results. The relative portions of a and b ions is significantly lower for the SITS-derivatized peptide; there is an extreme bias towards Cterminal ions. The low prevalence of N-terminal ions, also Figure 1 . CID mass spectra of (a) unmodified angiotensin I (DRVYIHPFHL, 2+), and (b) SITS-modified angiotensin I (2+) using NCE of 25%. The precursor ion is labeled with an asterisk. The diamond indicates the presence of the SITS modification Figure 2 . 266 nm UVPD mass spectra of (a) unmodified angiotensin I (DRVYIHPFHL, 2+), and (b) SITS-modified angiotensin I (2+) using 1 pulse. The precursor ion is labeled with an asterisk. The diamond indicates the presence of the SITS modification. The 5× magnification factors apply to sections of both spectra noted above for angiotensin I, again suggests that the Nterminal ions decompose upon exposure to multiple pulses and thus are converted to nondetectable products. For example, upon 266 nm UVPD, 94% of the products are C-terminal ions for SITS-tagged SYSMEHFRWG compared with just 34% for the unmodified peptide. The distributions of fragment ions upon CID are similar for both the unmodified and SITStagged peptide with a more equal distribution of N-terminal a/b and C-terminal y ions. These results parallel those reported for ESI-MS analysis of N-terminal sulfonic acid derivatized peptides, for which the CID patterns of multiply charged peptides were similar for non-derivatized and sulfonic acid derivatized peptides [52] . These CID and UVPD comparisons are further explored for a greater array of peptides created upon proteolytic digestion of intact proteins in the next section.
SITS Derivatization of Protein and Lysate Digests
Based on the results above, two primary outcomes emerged with respect to the impact of the SITS-derivatization of peptides on 266 nm UVPD. First, addition of the SITS chromophore significantly enhanced the UVPD efficiency owing to the high photoabsorption cross-section of the SITS-tag. Second, the installation of the SITS tag significantly decreased the relative abundance of N-terminal a/b product ions because (1) the high photoabsorption cross-sections of the SITS-tagged fragment ions makes them especially susceptible to UVPD, and (2) neutralization of a/b ions owing to the acidic sulfonate moieties of the SITS group. The interesting changes in the fragmentation behavior of SITS-modified peptides noted above were thus examined in greater detail by generating a larger array of SITS-peptides via derivatization of tryptic digests of myoglobin, BSA, or E.coli proteins. The general workflow is summarized in Supplementary Scheme S1. Figure 5 shows a pair of base peak chromatograms for the unmodified digest of myoglobin and the corresponding SITS-modified digest, with five of the peptides found in common highlighted. Most of the SITS-tagged peptides were observed predominantly in the 2+ charge state, whereas other corresponding unmodified peptides often displayed a greater distribution of the charge states. The SITS-tagged peptides displayed longer retention times compared with unmodified peptides, presumably owing to the increase in hydrophobicity as a result of the addition of the SITS tag ( Figure 5 ). A comparison of the fragmentation patterns of one representative tryptic peptide (HGTVVLT ALGGILK) from myoglobin is shown in Figure 5c and d. Despite similar sequence coverage, 266 nm UVPD of the SITS-tagged peptide produced the b 2 ion and provided higher relative abundances of several fragment ions compared with CID of the unmodified peptide.
Evaluation of the fragmentation patterns of a greater pool of peptides was undertaken by applying the SITS-derivatization to BSA and E. coli tryptic digests. SITS-tagged and unmodified digests were separated via LC, and the eluted peptides were activated in a data-dependent manner by either CID (for the digests containing unmodified peptides or SITS-tagged peptides) or 266 nm UVPD (only for the SITS-tagged peptides). Owing to the low photoabsorption cross-sections of unmodified peptides at 266 nm, very few unmodified tryptic peptides were identified by 266 nm UVPD-MS, and thus the unmodified digests were not analyzed further by UVPD. Direct comparisons of the total number of identified peptides in the BSA digests as well as the number of overlapping peptides identified for each method are summarized in Venn diagrams in Supplementary Figure S6 . While CID of the unmodified digest identified more peptides overall, 266 nm UVPD of SITS-tagged BSA digests resulted in identification of a number of unique peptides. For example, while 65 SITS-tagged peptides were identified by UVPD and 96 unmodified peptides were identified by CID, there were 33 that were uniquely found by UVPD. Because the presence of the hydrophobic SITS tag increases the elution times of the peptides, the detection and MS/MS analysis of some peptides that would otherwise coelute or elute early during a more aqueous part of the gradient are enhanced. This factor accounts for identification of some of the unique SITS-tagged peptides.
Peptides that were successfully identified by three methods: CID (unmodified), CID (SITS-modified), and 266 nm UVPD (SITS-modified), provided the best comparisons for assessing the impact of the SITS tag and the variations caused by collisional activation versus absorption of 266 nm photons. The results for 20 representative peptides from the E. coli tryptic digest (all 2+ charge state) are summarized in Figure 6 and Table 1 . One set of representative CID/UVPD spectra for E. coli tryptic peptide GETQALVTATLGTAR is shown in Supplementary Figure S7 . Similar to what was observed in Figure 4 , Cterminal ions represent more than 50% of the fragment ion distributions of SITS-tagged peptides for both CID and UVPD ( Figure 6 ). The contribution from C-terminal ions (x, y, z) averages 62% for the unmodified peptides (CID data) and increases to 84% and 82% for the SITS-modified peptides activated by CID and UVPD, respectively. UVPD of the SITS-modified peptides produces x, z, and, in some case, c ions that are never observed upon CID, thus underscoring that 266 nm UVPD offers access to some pathways not possible for CID. To decipher the origin of the fragment ions evolving from higher energy pathways (x, z, c ions), a series of experiments were undertaken in which the laser power was attenuated to allow collection of UVPD spectra using nominally 1, 2, 3, 4, 5, or 6 mJ per pulse (for five pulses) (Supplementary Figure S8) . As the laser energy increased, the abundance of high-energy fragment ions increased. This result suggests that the higher laser powers enhance the probability for multiphoton absorption, thus contributing to the production of the higher energy fragment ions. In Table 1 , rather than emphasizing the percentage of a, b, c, x, y, and z ions as summarized in Figure 6 , the number of a, b, c, x, y, and z sequence ions are tabulated instead. On average, for this set of representative tryptic peptides from the E. coli digest, CID yielded 16 N-terminal and 13 C-terminal fragment ions for unmodified peptides, CID yielded 11 N-terminal and 11 Cterminal fragment ions for SITS-modified peptides, and 266 nm UVPD yielded five N-terminal (a, b, c) and 17 Cterminal (x, y, z) fragment ions for SITS-tagged peptides. The increase in the average number of C-terminal fragment ions for 266 nm UVPD of SITS-tagged peptides over CID of SITStagged and unmodified peptides can be attributed to the presence of x and z fragment ions that result from 266 nm UVPD of chromophore-tagged peptides. Of particular significance is the transformation of the UVPD spectra upon incorporation of the SITS tag: the spectra of the SITS-tagged peptides are consistently rich (Supplementary Figure S7c) , akin to the spectra shown in Figure 5d rather than the sparse spectra obtained for underivatized peptides (Figure 2a ).
Conclusions
Attachment of the SITS tag to the N-terminus of peptides resulted in significant improvement of 266 nm UVPD, both in terms of the substantial increase in UVPD efficiency and the number of diagnostic sequence ions produced. The SITS reagent exhibited high reaction efficiency with the primary amine of the N-terminus of peptides and led to a more extensive array of fragment ions than obtained using other chromophorecarrying isothiocyanate reagents, like SPITC. The 266 nm UVPD spectra of peptides were transformed from ones that displayed significantly greater portions of a, b, and c ions (for unmodified peptides) to those that were dominated by Cterminal ions (x, y, z) upon incorporation of the SITS tag. Activation of SITS-tagged peptides using 266 nm photons also provided flexibility to produce spectra that contained both Nterminal and C-terminal fragments using one laser pulse to more simplified spectra containing mostly C-terminal fragment ions by employing multiple laser pulses that selectively depleted the chromophore-tagged N-terminal fragment ions. The c, x, and z fragment ions that were produced upon 266 nm UVPD but not generated upon CID of SITS-tagged peptides reflected that higher energy activation pathways were accessible upon activation using 266 nm photons.
